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Acoustic bearings are obtained from dolphin whistles using frequency-domain~FD! beamforming
techniques on signals recorded on a three-element 9-m aperture towed array. Due to the wide
element separation, the high-frequency~kHz range! signals generate numerous grating lobes, but
these lobes shift bearing with beamformed frequency, allowing identification of the true bearing
whenever the whistles have over 1 kHz bandwidth. This method was validated by matching a
sighting of a compact group of dolphins with acoustic bearing estimates. The system was
subsequently used to detect and determine bearings from animals at least 3 km away and in Beaufort
51 conditions. Frequency-domain beamforming has advantages over temporal cross correlation
when the signals are faint and/or overlapping. ©2000 Acoustical Society of America.
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INTRODUCTION

Acoustic bearings from kilohertz-range marine mamm
vocalizations are typically obtained via two methods: eith
by time-delay ~TD! measurements of signals recorded
widely spaced hydrophones,1,2 or more recently3 by beam-
forming in the frequency domain~FD!, using signals col-
lected from many closely spaced hydrophones. Althou
mathematically equivalent to delaying and summing sign
in time, frequency-domain methods demonstrate two adv
tages over time-domain beamforming. First, FD methods
able greater coherent gain when used with multielem
arrays4 and thus should be able to obtain bearings from s
nals too weak to be localized by TD methods. Second,
phinid vocalizations often overlap in time and frequenc
Under these circumstances time-domain methods may
due to interference between the signals. Frequency-dom
methods can isolate overlapping signals from each other,
cause they allow precise control over which frequency co
ponents in a data sample are processed.

A potential disadvantage of FD beamforming occu
whenever the spacing between adjacent hydrophones
ceeds half an acoustic wavelength at a given frequency,
the beamformer cannot distinguish between the true sig
bearing~the mainlobe! and multiple false bearings~i.e., grat-
ing lobes, or sidelobes!. For example, FD beamforming on
10-kHz pure tone~15-cm wavelength! with hydrophones
spaced 5 m apart generates over 60 grating lobes, mak
mainlobe identification impossible.

Most dolphin whistles are frequency modulated,5 and
thus have wide frequency bandwidth. Because grating l

a!Current address: Dept. of Ocean Eng., Room 5-212, MIT, 77 Massa
setts Ave., Cambridge, MA 02139.

b!Current address: SAIC Maritime Division, 3990 Old Town Ave., San D
ego, CA 92110.
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maxima shift position with beamformed frequency, th
bandwidth can be exploited to identify the mainlobe. In th
letter these sidelobe properties were exploited to conduct
beamforming on kilohertz-range marine mammal calls
corded on three hydrophones separated by 4 and 5 m, a
ation that routinely generated 30–60 grating lobes at e
frequency.

I. BACKGROUND

Conventional frequency-domain algorithms4 decompose
a received signal into its frequency components, and t
generally assume that each component represents a p
wave arriving at a bearingu from the array. In the following
discussion a bearing of 0° refers to an angle arriving perp
dicular ~broadside! to the line array. The algorithm compare
the data with that expected from a plane wave arriving fr
a test bearingu8, and produces the following output:

B~ f ,u!5U(
n

ei ~2pd/l!~sin u2sin u8!U2

. ~1!

Here,d is the spacing between array hydrophones, andl is
the wavelength of the signal at frequencyf. Note how the
beamformer output will always attain a maximum~main-
lobe! whenu5u8. However, if the ratiod/l is greater than
1/2, then other bearingsum8 will produce beamformer
maxima, or grating lobes. Their bearings are given by
following formula:

sinum5sinu6
cm

f d
, m50,61,62,63,... ~2!

wherec is the waterborne sound speed,f is the signal fre-
quency, andm is an integer.

From Eq.~2! it follows that grating lobe bearings~which

u-
35817(6)/3581/4/$17.00 © 2000 Acoustical Society of America



nt
th
v

ci
et
vi

in

re
er
m

e
h

re
n
h
th
a

S
g

nd

bi
-

a
h
ye
r i
to
ro
0

nc

cy
am
our
pro-
po-
ard-
of
he
ple

in-

ed
er-
be

n
ed
ds

6:36
that
ds.
ear-
-

an
s.
ow
een

this

en-
nce
on
ds
and
the

u-
he
als
am

to

t

ual
in

m-
r,

ne
the
ct,
lly

rra
d
ive
have a nonzero value ofm! will change with the beamformed
frequency. Although the grating lobe magnitudes are ide
cal to that of the mainlobe, the latter is easily identified as
maxima that maintains a fixed bearing with frequency. A
eraging multiple beams generated at different frequen
thus suppresses the grating lobes. This fact allows FD m
ods to be applied to three widely spaced elements, preser
array aperture and thus angular precision.4 Frequency aver-
aging is a common technique in many applications involv
sparse arrays.6,7

II. EXPERIMENTAL SETUP

The visual and acoustic data from dolphins were
corded in Nov./Dec. 1998 during a National Marine Fish
ies Service dolphin survey cruise, near the coast of Pana8

A three-element array~built by Don Norris, SonaTech, Inc.!
was deployed at;5 m depth, 200 m behind the fantail of th
R/V ENDEAVOR, a 175-ft oceanographic research vessel. T
individual elements were spaced 4 and 5 m apart, and had
omnidirectional sensitivity and a nearly linear frequency
sponse from 2–150 kHz. The signals from the three pho
were fed into a Mackie CR1604-VLZ audio mixer, whic
was used as a 200-Hz high-pass filter. The signals were
passed through a TASCAM DA-38 digital recorder with
48-kHz low-pass filter, and recorded for later analysis.
multaneously, the TASCAM outputs were passed throu
the mixer a second time to allow further amplification a
filtering ~usually to emphasize the 8–20 kHz band!, before
being sampled into two Data Translation DT-3809 12-
A/D cards within a Dell Optiplex 200-MHz Pentium com
puter.

The beamforming software was written inMATLAB 5.0.
When executed, the program sampled the data at 48 kHz
wrote up to a minute of multichannel data to hard disk. T
data from the first hydrophone were then read and displa
as a spectrogram. A simple mouse-driven graphical use
terface allowed the user to trace the time-frequency con
of a whistle in order to analyze it. When selected, the p
gram computed and averaged the spectra of the first 1
points of the signal from each hydrophone. The freque

FIG. 1. Geometry used to convert a visual bearing into a relative a
bearing for data in Fig. 2. Boldfaced numbers are coordinates measure
a visual observer on the flying bridge. The underlined number is the der
bearing, relative to the array.
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with the highest average power within a certain frequen
window was then selected for beamforming. The progr
then adjusted its selection window based on the cont
trace, obtained the next data sample, and repeated the
cess. Using this technique, most of the frequency com
nents of a modulated sweep could be beamformed, reg
less of whistle contour or duration. A selection window
6500 Hz bandwidth was found sufficient to track all but t
most rapidly modulated whistles. In cases where multi
whistles were recorded at the same time, the selection w
dow was made narrower to avoid interference.

The individual beamformer outputs were then display
as a frequency-azimuth plot before being incoherently av
aged to yield a total beamformer output, where the mainlo
is revealed as the global maximum.

III. RESULTS

The beamforming algorithm was first calibrated o
sperm whale clicks arriving from known bearings, identifi
using software developed by J. Barlow. Next, the metho
were tested on over 100 whistles and burst pulses. On 1
Dec. 6, the system determined bearings from animals
were 3 km away, as determined by visual sighting metho
On another occasion the acoustic observers obtained b
ings under Beaufort 51 conditions, and assisted visual ob
servers in locating a school ofTursiops truncatusduring
twilight, providing an example of how acoustic bearings c
help supplement visual methods under adverse condition

Three specific examples of the system output are n
presented. The first example demonstrated a match betw
a visual and acoustic observation on Dec. 5, 1998. On
date a compact group of 36–45 striped dolphins~Stenella
coeruleoalba! approached the ship, rode the bow, and ev
tually passed by the beam of the Endeavor. The occurre
of an isolated, compact group of animals was an uncomm
event—typically, dolphin encounters consisted of hundre
of animals widely scattered over an area. Between 10:00
10:08 an experienced marine mammal observer tracked
group from the flying bridge using 25x reticulated binoc
lars, recording the horizontal and vertical azimuth from t
horizon approximately every 30 sec. At 10:02 the anim
were at a horizontal azimuth of 20° past the ship’s be
~110° relative to the ship’s bow!, and about 300 m away
from the flying bridge. The bearing of the group relative
the array was estimated to be near226° ~as illustrated in
Fig. 1!.

A frequency-modulated~FM! whistle was recorded a
10:02, and is displayed in Fig. 2~a!. Over 1 sec the whistle
swept between a frequency of 9.8 to 18 kHz. The individ
beams obtained from this whistle are plotted vs frequency
Fig. 2~b!. The rapid frequency modulation precludes bea
forming at every frequency bin within this band; howeve
the identity of the mainlobe is clear. Note that even if o
were restricted to beamforming between 9–11 kHz,
mainlobe location would be readily distinguishable. In fa
signals with as little as 1 kHz modulation were successfu
beamformed.

By averaging all the beams together@i.e., summing
along the frequency axis in Fig. 2~b!#, and subtracting the

y
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d
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mean, a combined beamformer output can be displayed@Fig.
2~c!#. ~Note that the horizontal axis is now in terms ofu, not
sinu.) Finally, the result of cross correlating the first tw
hydrophone signals is shown in Fig. 2~d!. For isolated
whistles with high signal-to-noise ratio, both the time- a
frequency-domain methods give similar results.

The beamformer estimates an acoustic bearing of233°,
whereas the visual observer bearing estimate was226°.
Given the disparity in timing between the visual and acou
records ~;10 sec!, and the rapid motion of the dolphi
group, the two measurements are in close agreement. A
ond visual observation at 10:08 gave a bearing of 50°,
the corresponding acoustic bearing estimate was 41°—ag
an approximate match. Despite the fact that the range of
animals was less than 400 m, the plane-wave approxima
seemed to work well, and modeling wave front curvatu
was not required.

The next example shows the advantage of using co
ent gain from three hydrophones. Figure 3 illustrates a fa
whistle recorded at 17:16 on Dec. 6, one day after the p
vious example. At this time multiple animals in a group we
whistling; this example concerns the whistle indicated by
arrow in Fig. 3~a!. As in Fig. 2, the individual beamforme

FIG. 2. ~a! Spectrogram of dolphin whistle recorded at 10:02 am, Dec
1998. Fourier transform length is 1024 pts, sampling rate is 48 kHz, wind
overlap is 50%.~b! Plane-wave~PW! beams from~a!, plotted as a function
of frequency and the sine of the bearing. A negative value means the s
is arriving from the ship’s bow. Dark colors represent stronger correlat
Note how all maxima shift positions with frequency, except for the ma
lobe at position sin(u)520.52.~c! Incoherent average of all beams vs bea
ing u. The whistle is arriving from a bearing of233°, or 57° away from the
ship’s heading. The mean value of the averaged beams has been subt
and the pattern normalized by its maximum.~d! Cross correlation of the
entire time series in~a!, prefiltered between 9.4 and 17 kHz.
3583 J. Acoust. Soc. Am., Vol. 107, No. 6, June 2000
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outputs are shown in Fig. 3~b! and the averaged beamform
output between 12 and 15 kHz is plotted in Fig. 3~c! For
comparison, the cross correlation between the first t
phones is provided in Fig. 3~d!. In this last plot the data have
been digitally bandpass filtered using a finite impulse
sponse~FIR! filter, designed to bandpass the same freque
range displayed in Fig. 3~b!. The FD result yields a bearing
of 68°, whereas cross correlation fails due to the low sign
to-noise ratio. If the original signal is digitally refiltered us
ing different choices for passband, the cross correlation
fails.

The final example was recorded at 17:02 Dec. 6, an
shown in Fig. 4. It illustrates a common situation, where
two whistles by two separate animals overlap in frequen
and time, such that the signals cannot be isolated by sim
bandpass filtering. One whistle has the upward U-sha
contour labeled ‘‘1’’ in Fig. 4~a! and the second has th
relatively longer FM sweep labeled ‘‘2’’ in the same spe
trogram. When applying the beamformer algorithm, a f
quency selection window of 100 Hz was used to ensure
the beamformer sampled only the energy from whistle
whose output is shown in Fig. 4~b! and ~c!. The mainlobe
position indicates that whistle 2 is arriving from the bow
the ship.

When time-domain techniques are applied to two ov
lapping signals, one obtains two separate peaks if the sig
are uncorrelated, with no means of telling which peak w
generated by which signal. If the signals are correlated~i.e.,

,
w

al
.

-

cted

FIG. 3. ~a! Spectrogram of dolphin whistle at 17:16, Dec. 6, 1998. F
Fourier transform~FFT! length is 1024 pts, sampling rate is 48 kHz, win
dow overlap is 50%. The arrow indicates the faint whistle to be proces
~b! PW beams plotted as a function of frequency and sin(u). ~c! Incoherent
summation of the beams displayed in~b!, vs bearingu. ~d! Cross correlation
of the entire time series in~a!, prefiltered between 12 and 15 kHz.
3583Thode et al.: Letters to the Editor
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both share similar frequency contours! then the bearing esti
mates can be compromised, as in the case in Fig. 4~d!. Here
the time-domain output shows the combined effects
whistle 2, which is arriving from broadside, and whistle
The bearing estimate of the latter whistle has been corru
due to the fact that both signals are slightly correlated. T
FD beamformer avoided this problem and yielded sepa
bearings for each whistle. The ability to obtain bearings fr
overlapping whistles was useful when trying to separate
tant animals ahead of the ship from nearby animals the
had already passed.

IV. CONCLUSION

Successful frequency-domain beamforming on dolp
whistles has been demonstrated on a three-element s

FIG. 4. ~a! Spectrogram of overlapping dolphin whistles at 17:02, Dec
1998. For this case the search window is narrowed to 0.1 kHz around
frequency contour of whistle #1.~b! PW beams from whistle 1, plotted as
function of frequency and sin(u). ~c! Incoherent summation of the beam
displayed in~b!, vs bearingu. The arrow indicates the bearing of the whist
1. ~d! Cross correlation of the time series in~a!, prefiltered between 8 and 1
kHz. As it is impossible to filter out the effects of whistle 2, which
arriving from broadside, the output is corrupted and the bearing of whist
is not obtained. The arrow indicates the contamination from whistle 2.
3584 J. Acoust. Soc. Am., Vol. 107, No. 6, June 2000
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array, in which the array elements are spaced apart by m
than 50 times a typical acoustic wavelength. FD beamfo
ing is demonstrated to be more effective than temporal cr
correlation in cases where the signal is faint and/or overl
ping with other signals. The sparse-array beamforming me
ods discussed here and in Ref. 3 shouldwork on most bro
band marine mammal sounds, including the majority of to
sounds produced by odontecetes.9
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